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Fundamental physics: building the Universe

% |s it possible to build the Universe using the Standard Model as a tool?
- no, but maybe it can tell us where to look for the new tools
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% The era of “guaranteed discoveries” is over (top quark, electroweak breaking)
- new experiments designed to study rare decays or perform precision studies of various
processes might point us in the right direction

z
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Fundamental physics: building the Universe

% Standard Model satisfies Sakharov's conditions for baryogenesis

v' Baryon (and lepton) number - violating processes
to generate asymmetry

AB =3, AL = 3,
B — L conserved

v Universe that evolves out of thermal equilibrium
to keep asymmetry from being washed out
v “Microscopic CP-violation”
to keep asymmetry from being compensated in the “anti-world”

- but there are still issues preventing it to succeed (not enough CP-
violation via CKM mechanism, order of the phase transition, ...)

% What about New Physics?
- no new strongly-interacting particles so far at the LHC (SUSY?)
- neutrinos oscillations: s have mass and so CLFV transitions are guaranteed
- use sphaleron mechanism: baryogenesis via leptogenesis  rukugita, Yanagida
- new sources of CP-violation in the lepton sector
Should we look for New Physics in the charged lepton sector? Muons?
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Fundamental physics with muons: flavor problem
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% Flavor problem: nature of neutrino mass
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Fundamental physics with muons: flavor problem

% Flavor problem: flavor-changing neutral currents (FCNC)
- there is no term in the SM Lagrangian that leads to FCNC effects: one loop
- quarks: massive quarks and non-zero mixing parameters automatically
lead to FCNC processes: b — sy, ¢ — uf?, BY — B%-mixing, etc.
- leptons: massive neutrinos and non-zero mixing parameters automatically
lead to FCNC processes: u — ey, u — eee, uA — €A, etc.

% Flavor problem: patterns of masses of particles and neutrino mass
- there could be a mechanism generating mass patterns (Froggatt-Nielsen, etc.)...

288 CD. Froggatt, H.B. Nielsen | Hierarchy of quark masses

; L

H————
MW=

X x ®
Fig. 1. Feynman diagram which generates the quark mass matrix element M, jj- Full lines repre-
sent quarks and wavy lines represent super heavy fermions. The dashed lines represent Higes
tadpoles as follows: —— X (¢),and —— - @ (@)

- ... or maybe not (a “just so” solution?)
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Fundamental physics with muons: flavor violation

% Example of the common origin of the neutrino masses and CLFV transitions
- consider a model with a triplet Higgs, e.g., a left-right model

— ~ 9
— Lvvlawa = ¢:L (G,](b + Hzg¢) ¢;R + iFm (1/)gCT2AL’I,D;-L + ’QD:ECTQAR’(%R) + h.c.

1/{ A+/\/§ AT
with Y = ( fL’R) and Az( A0 —A+/xf2)

€iL,R

Pati, Salam; Mohapatra, Pati;

- this Lagrangian leads to the Majorana masses for the neutrinos Senjanovic, et al, Schechter and Valle;
K. Kiers et al

i . =
— Liajorsna = m (VfFvLewL vr + VEF’URV;;{) + h.c.

- ...and both AL” = ] (FCNC decays) and AL” = 2 (muonium oscillations) transitions

pt : o
8eeSup ;- ok A+
Ha = ——5 (B veer) (i y%eL) + Hee. 5
8MA e : e+
Chang, Keung (89); Schwartz (89);
Conlin, AAP (21); Han, Tang, Zhang (21)
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Fundamental physics with muons: flavor violation

% Leptonic FCNC could be generated by New Physics

v? Harnik, Kopp,

VTV V2A2 ij Zupan

% FCNC Higgs model & muon conversion/quarkonium decays

% Ex.1 FCNC Higgs decays H > pe, e, etc.:  Yj; = 62,

H & e L e
———— -— |
|
eg. \H o~ O(m,, or my)
|
q9_, 1+ . 9
Barr-Zee type tree level
YP (note suppression of light quark couplings)
Process Coupling Bound
h — ue VIYE]2 + Y2 < 5.4x107*
w— ey VIYE? + Y82 < 2410
pu— eee VIYE]2 + YR |2 <31x107°
: . TR i Calibbi,
pTi— eTi VIYE]Z + YA <1.2x10 Signorelli
TR NYEAL IR 1 LT A M R T IR £ S e e T U S S VS
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Fundamental physics with muons: flavor violation

% Leptonic FCNC could be generated by New Physics

. . m; v? Harnik, Kopp,
% Ex.1 FCNC Higgs decays H > pe, e, etc.:  Yj; = 5%t oI Nij Zupan

% FCNC Higgs model & muon conversion/quarkonium decays

H & e L e

|
eg. i H  ~O(m, or my)
|

.4

tree level

Barr-Zee type (note suppression of light quark couplings)

% Ex.2 Exceptional couplings of (flavor-diagonal) NP to third Glashow,
generationHnp = Gb} y*b} 7, 7,7; -> flavor “anomalies” Guadagnoli, Lane

% Ex.3 Leptoquarks -> flavor “anomalies”

% Leptons and New Physics: choose muons (long lifetime and large mass)

L U T RN I T I T E O S e e e U S T
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Fundamental physics with muons: flavor violation

% Muons can help solving the most fundamental problems in particle physics!

* Possible experimental searches of LFCNC LORENZO CALIBBI and GIOVANNI SIGNORELLI

= 1 : s : s ' ‘ : :
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5 Year
2
. . . V'L —54
% Decays are highly suppressed in the Standard Model: Br(u — ey) 3% Z; nilUei M2 < 10

% But: no trivial FCNC vertices in the Standard Model: sensitive tests of New Physics!

(Number of possible models) > (number of model builders). How do we proceed?
T S i S VNS S D
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Flavor violation and effective Lagrangians

% Modern approach to flavor physics calculations: effective field theories

% It is important to understand ALL relevant energy scales for the problem at hand

Ny e
ALQ 'u_ e (V4
IR ey
ANP New Physics generates lepton FCNC
u, d,c,s,b, t

e e Scales associated with heavy SM

U particles (quarks, leptons)

t

o=
u,d,s,c,b

8 Y
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Scales associated with experiment

4 g,
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Effective Lagrangians and New Physics

% Effective Lagrangians parameterize New Physics without specifying a model
- write out all terms consistent with symmetries and according to power counting
- match to possible UV completions/compute experimental observables

4G - — _
Efl—>£2V2171 = - \/EF [QRR (£2RV£2L) (VfnglR) +g}‘5;iL (EQRVEQL) (Vﬂl RglL)

+ 9iR (Carves g) (Vay LlaR) + 971 (£2LV€2 r) We plir)
+ 9kr (C2rY Vs ) W gYalir) + 95 (C2rY Vs ) (Ves Valar)

+ gLR (521:7 VEQL) U, polir) + 9lL (gR’YaVezR) (Vey valir)

—_— T —
+TL (laroapve, ) (Ve po®Plir) + gLTR (b2poapve, p) (Vo o™ lig) + hec. ],

- which for 4 — evv (muon decay) leads to
G2 5 2 2 2 4
r, — 1y, (M 77 mg\  32mg p—§ 1 Me
19273 m? my, m?2 3 m2 4 mp
3 m? a(
14+ -—£& 1
<(1+57%) l (G

- where p and 5 are the Michel parameters

3
P:1—6U915%3|2+‘97:9L’2+‘92L QQRL| +|gLR QgLR’ + - (‘QRR} +’gLL} )]

1
n= §Re [9%}%952 + 91190k + 9L (QER + 69LR) +9Lr (gRL + 6917%2)} ,
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Flavor violation and effective Lagrangians

% Systematic approach: Standard Model Effective Field Theory (SMEFT)

TABLE 2.3 Operators with H", sets X°, H®, H'D?, and w2H3

- effective Lagrangian X I H® and H'D” P b
) Qc Areairalrart Qu (H'H Qeorr H'H; LperH
C C ~ [ABCGAv GGG Quo (H'H El H H) Qur (2'H) (Qu-H
L=Lsu+——QP +Y —Q% + aw  erwiwiwsr | Quo  (worn) (wnu) | Qu (') (2dm)
—~ A Q~  IEWIwrwke
1 W fr
. . TABLE 2.4 Operators with H™, sets X2H?, 2 X H, and 2 H?D.
with the Weinberg operator Q(S) X Kt e | ST
Qe H*H(j;‘,,(.'""" Qew (I ahve )'r HW!, QL) (HTzD H) (I,,wr )
. T Q= HIHG), cAmv Qen (f,,rr’ )HB,,, QM (H'm H)( L e L )
Q(5) — €ip€mn HI H™ ( Lk) CL™ Quw  HHW,LW™ || Qe (@e"T'w)HGL, | Qe (8B, H) Eyer)
J p r Q- HYHW!, win Quw (@ 0" ur) T HW/, Q4 (H'z‘B ") (Q,vQr)
Quin H' H B, B Qun (@0 ) FB,, Qo (H*z‘ﬁ’%ﬂ) (@7 @)
6 Q ~ HYHEB,.B" Qac (Quorrtd.) HG, Qrra (#'iD  H) (Epr*un)
and lots (59+5) of Ql( ) operators Quws  H'THWLE* || Quw (((2:0""117) ‘r’HVV‘f‘,, Qua H‘z‘B H% (dpyd.)
~ HirTHWI B#v Qus Q a""d,.) HB,, QHua H*D H) (v d,)
HWE # P
» TABLE 2.5 Four-fermion operators, classes (LL)(LL), (RR)(RR), and (LL)(RR).
(ZL)(ZL) Il (RR)(RR) | (LL)(RR)
Qu (FprLe) (Tarrs) Qee (Epy"er) (@yee) Qi (Tpr* L) @y er)
@ (@rer) (@vtar) Qua (py" ur) (Tar" ue) Qi (B Lr) @arvue)
(3) s nol a. ~t s 1 d. At
) e . QR (@7Q) (@' Q) || Qua (47" dr) (dvd:) Qua (Zov L) (dy"de)
= the Strategy Of Identlfylng an Q.(;) (L ¥*Ly Qa‘}‘“Qe) Qeu (Epv*er) (Tayuy) Qqe (Q,; “Q,) (E.r"er)
] L QY (Zovr'Lr) (Qur"7'Qr) || Qua Erver) (day"de Qi (@ @r) @v"ur)
NP model involves fitting C. QR @) (@ o (T (i)
l Q(s) (u.p'y“'l'A'u.,.) (ﬁ,"y"’l'Adl) Q{l} (Il T*q, ﬁ ~Hdy
. ud gd i
from experimental data and/or QF  (@14Q.) (drra)
match i ng Of g to UV_ TABLE 2.6 Four-fermion operators, classes (LR)(RL), and B (baryon-number) violating.
(LR)(RL) B-violating
completed NP models Qe (Ter) (a.02) Qune e[ (a3)" o] [ (@) ent]
Q.(,:‘)qd ((6:,‘“) €k (6:‘1!) Qqqu ‘mh‘ﬂt (Q:J)Tchk [(":)T Cc.]
QW (@1Aw) e (@T7a) QW Pegema |(@7)" 0@ [(@mTCLy]
Qb (@er) e (@) Q@ e (), (), [(a) ] [@mrert]
fo,),.. ((E;'-"uve") €k (af"""“«) Qduu Sl [(d;)TCu‘f] [(uZ)T Ce,]
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Flavor violation and effective Lagrangians

* Radiative FCNC decays of leptons ; — £, + ¥

- the most general amplitude is
i *
A€1—>132’7(pvp,) = m_uez (p,) [ALPL + ArPg] GMunuel (p)e’

£y

- which leads to the decay rate

my, 2 2
D(t = £7) = T2 (1ALl +14r
2 2
vm; ; ; vmMme .
. o * 7 f7, AR f’la — 7 _fl
Effective coupling Bounds on A (TeV) Bounds on |ij|
(example) (for |C8] = 1) ke YL
CLy 6.3 x 10* 2.5 x 10-1? p— ey
Cey 6.5 x 102 2.4 x 1076 T = ey
Ce 6.1 x 102 2.7 x 1076 T — pry
Cé‘;:: 207 2.3 x107° u— 3e
Cit e 10.4 9.2 x 107° T — 3e
Chp i 11.3 7.8 x107° T—3u
Cayme Clie 160 4x107 11— 3e
C(Tf,s)Hz’ Cife ~8 1.5x 1072 T — 3e Teixeira; Feruglio,
C(Ts)]{p Che ~9 ~ 1072 T— 3u Paradisi, Pattori

Other interesting modes that probe similar couplings: ; = &,yy, £; = 3¢5, and others
L S LR S VS S DS L U T RN I T I T E O S e e e U S T
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Flavor violation and effective Lagrangians

* Similarly, for purely leptonic FCNC decays £; — fjfkfl
- the most general decay rate is [with (a): Z; = 3%, and (b): 7= — e*u"p~ and ™ —> u*ete]

h:cm?l

I'(4; — 0414)) 33 (19279) A4 [X~, +4 (IC'VLLl2 + |Cvrr|® + [Cvir|* + |CVRL|2) !

+ |Csil® +|Csrr|* + |CsLr|” + |Csri|® + +48 (lC'TLl2 + |CTR|2)]

. 16ev 1 1
with X,(ya) = - Re|C7,, (2CVLL +CviLr — §CSLR) +Cor <2CVRR + CvrL — 5053[,)]
1
64e%v? m? 11 2 2
+ S (oes = ) (10l +10l).
(@) 16ev . .
XY= - o Re|CJ (Cvir + CviLr) + Cor (Cvrr + CvRL)
2
32¢202 m? 2 2
+ log — — 3 ( C + |C. ) .
mlg 123 m% | "YLI | ‘YR|
TABLE 3.1 Matching of SM EFT Wilson coefficients in leptonic LFV decays of leptons. Here X = L or R.
Class (a): £; — 3¢; I Class (b): £; — £;2¢; | Class (c): > E;.Ffflf

Over || 2 [k — 1) (87 + CE) 4 CU] | @y — 1) (G + O) + o 208
CvRR 2 (253, G2}, + €I 252, C7% 4 CIikk 2Ckiki

Cvir 25y (Ciw’ + Cpy’*) + G177 25 (Ciw’ +Cpm’") + Ci Cpet

Oyt (2% — 1)CZ}, + O3 (258 — 102 + CIE* QFH

CsLr —2 [ (25} — 1)C + C327"] —207;* —2G,7"

Oone | =2 [2ed, (5" + 0") + 1] ~2ci ~205
Csxx 0 0 0

Crx 0 0 0

Cyi v2ci* olelch 0

Cyr V207! V207! 0
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Fundamental physics with muons: flavor violation

% Employ bound states: u conversion experiment

% take low energy muons (~ 30 MeV) a stop them in a
target A(Z,A-Z): muons cascade to atomic 1s state
% Binding energy and orbit radius for muonic hydrogen-like w
state
Z?me* Z?m
Eb = — ~

8n? n2 muonic atom is 200x stronger bound

2 2 / radius is 200x smaller

n n

Y=~ —
Zmme2  Zm
. . . R £Z3/2
% The radial wave function for the hydrogen-like system: ftn; ~ 7 large overlap for an
overlap probability: D ~ 7“2EZ3 +<—— s-wave and high-Z
nucleus

Clu=+(A,Z2) — e + (A, Z)]
Fip=+A2) - v, + (A Z—1)]

Measure R, = to probe NP

LT S i S VNS S T D .
Alexey A Petrov (WSU) 7 Muon Agora 2022, 14 January 2022




Fundamental physics with muons: flavor violation

e How effective is this approach compared to scattering/decays?
— let’s compute effective luminosity

— recall that Al
/ N
L:(I)pngNpTZ:NPT'U ‘

— in this “experiment” probability density is given by the 1s wave function
— ...and we need to take into account the fact that muon decays

— Then Luminosity = (density)(velocity)(flux of muons)(lifetime)

5 mf’LZ4oz4
Leg = |¥(0)|]" xaZ x &, X 7, = - ®,7,

— For Al target (Z=13), flux of @, = 10'° muons/sec and T, = 2 psec

4 5 Bernstein, Czarnecki
Le.g = 10 8em ™2 sec™!

Recall the luminosity of the modern flavor experiment L ~ 103 — 10%> ¢cm—2sec-1!
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Muons and recent experimental anomalies

Are there any indications that NP might affect processes with muons?
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Muons and recent experimental anomalies

% Many experimental anomalies involve interactions with muons and taus

Ry [1.1,6]
R+ [0.045,1.1]
Ry [1.1,6] - +
Ryr [0.1,6] - — o
P [2.5,4] —
Py [4,6] -
B(B] = o' i) [1,6]
B(B! = ptpm) S DU
B(B" — ptpm) -+ o
Muon g — 2 —
R(D) —_
R(D")
Crivellin, Hoferichter R(J/v) — 4
N

2 3 4 5
Pulins - P.Koppenburg

- other lepton-flavor conserving processes T - .
. . & 04
- magnetic properties: muon g-2 E Ticeis

. BaBarl2

- currently a discrepancy theory/exp 035 0 p

- electric properties: muon EDM SETTR )
- probes CP-violation in leptons |1 e )
r [ ] " Bellel5

| - & Bellelo s
- muonic hydrogen 0

IIlIIllIIlIIIIIlIIIlIlIIIIl

. . Bellel7 \\'nrldz\v.::m&:c s
- proton size/QED/New Physics 025 £5i516,Gumbin 19 Koo a0
"+ Bordone 19 b
P I

P = 28%

=]
N
=]
w
o
S
wn

ol
z |
>
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Muons and recent experimental anomalies

% Muon’s magnetic properties (g-2): @, = (g — 2)/2 with [ = g2—§'
m
ete” BMW EXP
: } it 1 3
discrepancy + ; t R
«—1.606 > Di Luzio, et al.
< 420 >
BNL g-2 : — 370
FNAL g-2 +——@ + 330
(A 420 l)
—_— +—9—+ 420
Standard Model Experiment
Average
205 210 215

175 180 185 190 195 20.0
a,x10° - 1165900

FNAL (g-2): au(Exp) = 116592061(41) x 10~ ay(Theory) = 116591810(43) x 10~ "'
ay(BMW) = 116591954(55) x 10~

Are there possible New Physics particles that are responsible for this difference?
T S S VNS S T D R 0 P S L0 SN E IV S A LA S T VA T o A R S Fede e ]
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Muons and recent experimental anomalies

% Proton’s radius from muonic hydrogen: possible New Physics?

% Level splittings (e.g. Lamb shift) are sensitive to the
charge radius of the proton

SCATTERING

PRad (2019) + —e—
Mainz z-expansion (2015) | ————
World z-expansion (2015) b -

SPECTROSCOPY
Hydrogen 1S-3S (2020) e
Hydrogen 2S-2P (2019) —e—
Hydrogen 1S-3S (2018) ——
Hydrogen 2S-4P (2017) bt
CODATA Average (2014) r —e—i
Muonic Hydrogen (2010) - .

T A 1)
0.82 0.84 086 088 09 092 094

% They are also sensitive to QED radiative corrections

% Are there possible light New Physics particles that are

responsible for this difference? " “.MII
Barger et al, PRL 106 (2011) 153001 o

Remove proton radius issue from the problem: atomic physics with muonium?
LT S S VNS S T D .

Alexey A Petrov (WSU) 2 Muon Agora 2022, 14 January 2022




Conclusions and things to take home

e There is no indication from high energy studies where the NP show up

— this makes indirect searches the most valuable source of information

e Muons are ideal tools to probe fundamental physics
— flavor-conserving quantities (g-2, EDM)
— flavor-changing neutral current decays
— flavor oscillations (muonium-antimuonium conversion)

— muon transitions already probe the LHC energy domain and can do better!

e New experimental facilities are needed

L T S i S VNSE S T D L U TS E R R T R T TR L T e e e I e N
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Theoretical issues with g-2

e |ndependent lattice computations of HVP
e Data-driven estimates of hadronic vacuum polarization (HVP)
— discrepancy between KLOE and BaBar data used in HVP

L I 9 o848 l 4 Uy l LB ORX | l 5 9 9% I — N -8 l 94 U I L]
CLEO ' »
3769:63
SND
37117250
BESIII ey
682 .42
Leading order Vacuum polarization  Light-by-light scattering ¥
CMD-2 S —
1 9 00 d 3724+ 3.0
o' S
P — = (_) Y K (s)R(s) BABAR —
K 3\ am2 S 376.7 = 2.7
KLOE ey
1 1 o(eTe™ — hadrons) et X I | 1 i {
_R(S) — — — : A A A Al I A A T T T T U T T T T S ——— b
127 127 o(ete — ptp™) 355 360 365 370 375 380 385
HVP, LO - 10
1 z?(1 — z)m2 a, [x*x] I|o.<s.o.9| aay 1¥1071]
K(s) = dz——
o z*mZ+(1—1x)s

— need radiative return Belle Il data to eliminate the discrepancy

— 71-decay data is not currently used: Belle Il + lattice?
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Summary of leptonic anomalous magnetic moments

E
™ — g, *P
Harvard’'08 FNAL+BNL

100

-100

average

WP SM

1014 x Qe

10" x a,,

107 x a,

Sensitivity to heavy
new physics:

Cs: a from Berkeley group [Parker et al, Science 360, 6385 (2018)]

Rb: a from Paris group [Morel et al, Nature 588, 61-65(2020)]
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Muonium: just like hydrogen, but simpler!

Spin-0 (singlet)

e Muonium: a bound state of u™ and e~
paramuonium

b

— (u*pu™) bound state is a true muonium  (anti-symm)

e Muonium lifetime 7, = 2.2 us
u

— main decay mode: M, — e*e"D,u,

— annihilation: M, = v v,

Spin-1 (triplet)

) ) orthomuonium
e Muonium’s been around since 1960's

(symm)
— used in chemistry
— QED bound state physics, etc.

— New Physics searches (oscillations)

g

Hughes (1960)

The masses of singlet and triplet are almost the same!
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Muonium oscillations: just like BYB” mixing, but simpler!

% Lepton-flavor violating interactions can change Mﬂ — 1\7”

Pontecorvo (1957)
Feinberg, Weinberg (1961)

e Such transition amplitudes are tiny in the Standard Model

— ... but there are plenty of New Physics models where it can happen

. v, _
put : T A () S i
P ATt
e~ . e+ e @ /D 6+ \
(@ b Ve ~ (@le) (aTe)
. ple) (j
put : et ut : ) O\
Dy D G .
Y : effective operator
e” ; pooe ; et
(c) (d)

— theory: compute transition amplitudes for ALL New Physics models!

— experiment: produce Mﬂ but see for decay products of ]\7”

T S S VNS S T D .
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Effective Lagrangians and particular models

e Effective Lagrangian approach encompasses all models

— lets look at an example of a model with a doubly charged Higgs A™~

— this is common for the left-right models, etc.

Lr= ggngecA + H.c.,

— integrate out A7 to get

GeeGup ,— — a
Ha = ;ﬂ (HrYaer) (BrY“er) + H.c.,
2M3

— match to Zé{fzz to see that M, = A and

Cpl=2 = eeGuu/2

T S S VNS S T D .
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Rare processes: luminosity

% Need a lot of muons: high luminosity experiments

— Number of events/second

dad
L
! /
Fi ‘V /
® =N/s Herr and Muratori

— ... or another way

14
L:(I)pngNpTZ:NPTU

LT e S VNS S T DS
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Energy L

(GeV) cm 2571
SPS (pp) 315x315 6 1030
Tevatron (pp) | 1000x1000 | 50 1030
HERA (e*p) 30x920 40 1030
LHC (pp) 7000x7000 | 10000 103°
LEP (ete™) 105x105 100 1030
PEP (ete™) 9x3 3000 1030
KEKB (eTe™) 8x3.5 10000 103°
eRHIC 1033-1035
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Bound states: muon conversion

% Examples of nuclei suitable for muon conversion experiments

Nucleus R.(£)/ | Bound Atomic Bind. | Conversion Prob decay
R (Al lifetime | Energy(1s) Electron Energy | >700 ns
Al(13,27) 1.0 .88 us 0.47 MeV 104.97 MeV 0.45
Ti(22,~48) 1.7 328 us | 1.36 MeV 104.18 MeV 0.16
Au(79,~197) | ~0.8-1.5 | .0726 us | 10.08 MeV 95.56 MeV negligible

J. Miller, 2006

E — 1\

FFree muon decay ol \\
T. -10- .

F . 12 DIOHta[lI‘ ‘

- (= 02040 60 80 100

I - e

% The experiment is tricky

Log Scale
o & AN

v Muon conversion gives monoenergetic electrons..
v ... yet, there are other sources of electrons
as well!

(Arbitrary Units)

—

u —e +v,+v, -decay (40%) 3 v Q
u +Al— X +v, -capture (60%) : 10 shape k . :

u +Al—e + Al -conversion -/ T
0 20 40 60 80 100
Electron Energy (MeV)

SINDRUM II (PSI), 2006 : R <T7x1071
MZ2e goal : R, < afew x 10~
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